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Abstract
We investigate the relic abundance of dark matter in the minimal
universal extra dimension model including resonance processes by sec-
ond Kaluza-Klein (KK) particles in all coannihilation processes. After
including second KK resonance processes, the relic abundance of dark
matter is reduced by about 30%. Thus, the compactification scale 1/R
of the extra dimension consistent with the WMAP observation is in-
creased by a few hundred GeV. As a result, the cosmologically allowed
compactification scale is 600 GeV . 1/R . 1400 GeV for ΛR = 20.
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1 Introduction
There is strong evidence of the existence of non-baryonic cold dark matter.
Hence the standard model (SM) must be extended to provide a dark matter
candidate. Accordingly, many models with a dark matter candidate have
been proposed. Among those, models with a weakly interacting massive
particle (WIMP) are attractive for theoretical reasons. WIMP can naturally
provide the correct relic abundance of dark matter in the present universe
in addition to the successful explanation of the large scale structure of the
universe.
The most extensively studied candidate for WIMP is the lightest super-
symmetric particle (LSP) in a supersymmetric extension of the SM [1], whose
stability is guaranteed by R-parity. Recently, the lightest Kaluza-Klein par-
ticle (LKP) in the flat universal extra dimension (UED) scenario [2] has been
proposed as an alternative candidate for WIMP. In UED models, all SM par-
ticles can propagate in compact extra dimensions. The momentum along an
extra dimension is interpreted as the Kaluza-Klein (KK) mass in the four
dimensional point of view. The KK mass spectrum is quantized in terms of
KK number n as m(n) = n/R, where R is the size of the extra dimension.
Hence, the momentum conservation along the extra dimension is the KK
number conservation. However, the momentum conservation is broken by an
orbifold compactification, which is required for deriving SM chiral fermions
as zero modes. Nevertheless, the KK-parity conservation still remains after
the compactification. Under the parity, the SM particles and even KK par-
ticles carry +1 charge while odd KK particles carry −1 charge. As a result,
the LKP is stabilized and a good candidate for dark matter.
In this paper we investigate the thermal relic abundance of the LKP dark
matter in the minimal UED (MUED) model. The MUED model is defined in
the five space-time dimensions in which the extra dimension is compactified
on an S1/Z2 orbifold. The one-loop corrected KK mass spectrum of the
model is calculated in Ref. [3]. In the broad parameter region of the model,
the LKP is identified as the KK particle of the photon, which is dominantly
composed of the KK particle of the hypercharge gauge boson, since the weak
mixing angle for the KK particle is negligibly small.
The thermal relic abundance of the LKP produced at the early stage of the
universe was first investigated in Ref. [4]. In the paper, the relic abundance
of the LKP was calculated including the coannihilation of the KK particles
of the SU(2) singlet leptons. After this work, it is pointed out that s-channel
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resonances mediated by second KK particles are important for the calculation
of the relic abundance [5]. The authors investigated systematically the second
KK resonance for the processes relevant to the LKP and the KK SU(2) singlet
leptons in the paper [6]. On the other hand, the relic abundance should be
calculated with coannihilation processes of some other KK particles, since
their masses are also degenerated with that of the LKP in the MUED model.
This calculation has been done in the papers [7, 8]. However, any second KK
resonances has not been included, and the SM Higgs mass is fixed on 120
GeV. Recently, some of us pointed out that the LKP abundance is highly
dependent on the SM Higgs mass [9]. If the SM Higgs mass is larger than 200
GeV, the KK Higgs coannihilation is efficient and the compactification scale
1/R consistent with observations is considerably increased by a maximum of
600 GeV.
The purpose of this paper is investigating the thermal relic abundance
of the LKP in the MUED model including all second KK resonances in all
coannihilation processes and clarifying dependence of the SM Higgs mass on
the abundance. This paper is organized as follows. In the next section, we
briefly review the MUED model and its experimental constraint. In section 3,
we exhibit the mass spectrum of the MUED model, especially the masses of
KK particles of electroweak gauge bosons, Higgs bosons and leptons. Next we
discuss the thermal relic abundance of the LKP dark matter without second
KK particle resonance processes in section 4. We present the compactification
scale consistent with the WMAP observation, in particular focusing on the
dependence of the SM Higgs mass, and elucidate the importance of the KK
Higgs coannihilation. In section 5, we discuss the second KK resonances
relevant to the calculation of the LKP relic abundance. Particularly we
investigate resonance processes systematically and clarify which resonance
processes are important. Then, we calculate the thermal relic abundance of
the LKP in the MUED model including the second KK resonance processes
in all coannihilation modes, and present the allowed region consistent with
the observation. In section 6, we comment on the KK graviton. Section 7 is
devoted to summary.
2 Minimal universal extra dimension model
The simplest version of UED models is called the MUED model. Hence, this
model is adopted as the reference model of UED model by many authors
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as the minimal supergravity model in supersymmetric models. Hence, we
investigate the abundance of the LKP in this model, and extension of the
study to other UED models is straightforward. The MUED model has one
extra dimension compactified on an S1/Z2 orbifold. This orbifold compactifi-
cation is required for producing SM chiral fermions, because KK fermions are
vector-like four-component fermions. The orbifold has fixed points, and the
existence of the fixed points in the extra dimension breaks the translational
invariance along the extra dimension. Hence, the KK number conservation is
broken at loop level. However, the subgroup remains unbroken as KK-parity.
Under this parity, particles at even (odd) KK levels have plus (minus) charge.
Therefore, the LKP is stable as mentioned in the previous section, and the
first KK particles are always pair-produced in collider experiments. This
situation is quite similar to SUSY models with R-parity, in which the LSP
is stable and supersymmetric particles are pair-produced.
The SM particles and their KK partners have identical charges. All bulk
interactions of the KK particles follow from the SM Lagrangian, hence, un-
determined parameter is only the SM Higgs mass mh. On the other hand,
boundary interactions cannot be predicted by SM parameters. Usually, these
interactions are fixed at the cut-off scale Λ, which is usually taken to be
ΛR ∼ O(10) [2]. The model is considered to be an effective theory defined
at the scale Λ. In this paper, we use the boundary interactions adopted in
Ref. [3], which vanish at the scale Λ and the effect of them appears through
the renormalization group evolution. As a result, the MUED model is very
restrictive and has only two new physics parameters, Λ and 1/R, as well as
the SM parameter mh. Furthermore, our results are almost independent of
Λ, since it always appears with a loop suppression and gives only logarithmic
correction. In this paper, we take Λ to be ΛR = 20.
The MUED model is phenomenologically constrained by b→ sγ [10], the
anomalous muon magnetic moment [11, 12], Z → bb¯ [2, 13], B-B¯ oscillation
[14], B and K meson decays [15], and electroweak precision measurements
[2, 16, 17]. Among those, the most stringent constraint comes from the
last one in terms of S and T parameters. The UED contribution to the T
parameter is known to be canceled somewhat by the SM contribution for
heavier Higgs, and the constraint on 1/R depends on the SM Higgs mass
[2, 16]. For mh ∼ 1 TeV, 1/R ∼ 300 GeV is allowed by the electroweak
precision measurements. However, the SM Higgs mass should be less than
300 GeV in the MUEDmodel, otherwise LKP would be the charged KKHiggs
boson as shown in the next section. Stable charged particle with its mass
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smaller than 1 TeV is ruled out by the anomalous heavy water molecule search
in sea water [18]. The null result requires extremely low abundance, and
charged stable particles are overproduced if the reheating temperature after
the inflation is larger than 1 MeV, which is inconsistent with the successful big
bang nucleosynthesis. As a result, the electroweak precision measurements
constrain the compactification scale as 1/R & 400 GeV.
3 Mass spectrum
The mass spectrum of KK particles in the MUED model has an interesting
feature that all particles are degenerated in mass. This feature is important
for the calculation of the relic abundance of the LKP, since the abundance
is almost governed by coannihilation processes.
The mass spectrum of KK particles at tree level are determined by 1/R
and the masses of corresponding SM particles. Since 1/R is much larger than
SM particle masses, all particles at each KK level are highly degenerated. In
particular, the KK particles of the massless SM particles are exactly degener-
ated. Therefore, we should consider the radiative corrections to their masses
to find out which particle is the LKP. In the MUED model, the radiative
corrections to KK particles has been studied in Ref. [3]. We summarize their
results relevant to this work.
The LKP turns out to be the first KK photon, γ(1), in a reasonable
parameter region in the MUED model. Since the KK photon is a good
candidate for dark matter, the region is considered to be the most well-
motivated. The masses for the KK photon and the KK Z boson are obtained
by diagonalizing the mass squared matrix described in the (B(n),W 3(n)) basis,(
(n/R)2 + δm2
B(n)
+ g′2v2/4 g′gv2/4
g′gv2/4 (n/R)2 + δm2
W (n)
+ g2v2/4
)
, (1)
where g(g′) is the SU(2)L(U(1)Y ) gauge coupling constant and v ≃ 246 GeV
is the vacuum expectation value (vev) of the SM Higgs field. The radiative
corrections to the KK gauge bosons are given by
δm2B(n) = −
39
2
g′2ζ(3)
16pi4R2
− g
′2
6
n2
R2
ln (Λ2R2)
16pi2
, (2)
δm2W (n) = −
5
2
g2ζ(3)
16pi4R2
+
15g2
2
n2
R2
ln (Λ2R2)
16pi2
. (3)
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The difference between diagonal elements exceeds the off-diagonal ones when
1/R≫ v. Thus, the weak mixing angle of the KK gauge bosons is tiny, and
the KK photon is dominantly composed of the KK particle of the hypercharge
gauge boson. The mass of the KK particle of W± boson is given by
m2W (n) = (n/R)
2 + δm2W (n) + g
2v2/4. (4)
Next, we discuss masses of the KK Higgs particles. Since KK modes of
the Higgs field are not eaten by SM gauge bosons, all of them, neutral scalar
H(n), pseudoscalar A(n) and charged scalar H±(n), remain as physical states.
The latter two, A(n) and H±(n), are the KK particles of the Goldstone modes
in the SM. For the KK Higgs doublet φ(n), we take the following notation,
φ(n) =
(
H+(n),
H(n) + iA(n)√
2
)
. (5)
The KK Higgs boson masses turn out to be
m2H(n) = (n/R)
2 +m2h + δm
2
H(n) , (6)
m2H±(n) = (n/R)
2 +m2W + δm
2
H(n) , (7)
m2A(n) = (n/R)
2 +m2Z + δm
2
H(n) , (8)
where mW and mZ are the W and Z boson masses, respectively. The radia-
tive correction to the KK Higgs bosons is given by
δm2H(n) =
(
3
2
g2 +
3
4
g′2 − λh
)
n2
R2
ln (Λ2R2)
16pi2
, (9)
where λh is the Higgs self-coupling defined as λh ≡ m2h/v2. As increasing mh,
λh becomes large, and the negative contribution in Eq. (9) increases. Hence,
for large λh, the mass difference between the KK photon and H
±(1)(A(1))
becomes small, while the mass of H(1) becomes large as seen in Eq. (6).
However, the mass difference is negative when mh is too large. The charged
KK Higgs LKP is not allowed from the point of view of dark matter.
In Fig. 1, we depict the mass degeneracy between the LKP and the
charged KK Higgs boson, (mH±(1) −mγ(1))/mγ(1) . It is clear from this figure
that the mass difference between them is very small for mh ∼ 150−230 GeV.
On the other hand, H±(1) becomes the LKP for mh & 230−300 GeV, so that
this parameter region should be discarded from our discussion. The bound
5
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Figure 1: The contour map of the mass degeneracy between the first KK photon
and charged KK Higgs, (mH(1)± −mγ(1))/mγ(1) , in (1/R, mh) plane. The cut-off
scale Λ is set to be ΛR = 20.
on the charged LKP region become slightly strong (weak) by several GeV for
larger (smaller) Λ.
KK leptons are also important for coannihilations, since they are well
degenerated with the LKP in most of an interesting parameter region. The
masses and eigenstates for KK charged leptons are obtained from the follow-
ing mass matrix, (
n/R + δml(n) ml
ml −n/R − δmL(n)
)
, (10)
where l(L) represents the SU(2) doublet (singlet) lepton, and ml is the cor-
responding SM lepton mass. The radiative corrections are given by
δml(n) =
(
27
16
g2 +
9
16
g′2
)
n
R
ln (Λ2R2)
16pi2
, (11)
δmL(n) =
9g′2
4
n
R
ln (Λ2R2)
16pi2
. (12)
The mass eigenstates of the KK leptons are obtained by diagonalizing the
mass matrix in Eq. (10). Since the off-diagonal elements are negligibly small
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compared to the diagonal ones, the mass eigenstates of KK charged leptons
are given as the SU(2) singlet and doublet leptons. On the other hand, the
KK neutrino masses are given by
mν(n) = n/R + δml(n) . (13)
In this work, we do not address the origin of the nonzero neutrino masses.
For example, even if we include right-handed neutrinos to induce tiny Dirac
neutrino mass, Eq. (13) remains true, since the off-diagonal elements are
negligibly small as in the charged lepton case.
The others are the KK quarks and gluons. These are not important
for our calculation of the relic abundance of the LKP. This is because the
radiative corrections to their masses are large due to the strong interaction,
and they are heavy so that coannihilation processes for these particles are
suppressed by Boltzmann factors. Though we include them in our numerical
calculation for completeness, we only refer Ref. [3] for their masses here.
In Table 1, the typical mass spectra are shown for (1/R,mh) =(500 GeV,
120 GeV), (800 GeV, 200 GeV). In calculation of mass spectra, we use the
gauge couplings improved by the renormalization group running. For masses
of second KK particles, the first KK particles modify the running of the
coupling constants, thus we used the β functions dictated by the first KK
particle spectrum for the running between 1/R and 2/R [19].
4 Relic abundance of the LKP dark matter
We are now in a position to calculate the thermal relic abundance of the
LKP dark matter. Before calculating the relic abundance, we briefly explain
our method to calculate it. In this section, the discussion is restricted to the
case without resonace processes, which will be included in the next section.
Nevertheless, the result without resonance processes is a good illustrative
example to understand the result including second KK resonance processes.
4.1 Boltzmann equation
We use the method developed in Ref. [20, 21] for the calculation of the relic
abundance including coannihilation effects. Under reasonable assumptions,
7
1/R = 500GeV 1/R = 800GeV
mh = 120GeV mh = 200GeV
γ(1) 501 GeV 800 GeV
E(1) 506 GeV 809 GeV
e(1) 515 GeV 823 GeV
ν(1) 515 GeV 823 GeV
H±(1) 511 GeV 805 GeV
A(1) 513 GeV 806 GeV
H(1) 519 GeV 825 GeV
W (1) 534 GeV 849 GeV
Z(1) 534 GeV 849 GeV
U (1) 572 GeV 910 GeV
D(1) 571 GeV 907 GeV
u(1) 583 GeV 928 GeV
d(1) 583 GeV 928 GeV
T (1) 571 GeV 882 GeV
t(1) 596 GeV 922 GeV
g(1) 620 GeV 983 GeV
H(2) 1016 GeV 1614 GeV
W (2) 1059 GeV 1691 GeV
Z(2) 1059 GeV 1691 GeV
Table 1: Typical mass spectra are listed. For KK fermions, small (capital)
letters represent SU(2) doublet (singlet) fermions. We show only the first
generation of the KK leptons, since the masses of the KK leptons are almost
independent of their SM mass, while the masses of the KK top quarks are
slightly affected by the SM top mass. We include some second KK particle
masses relevant to our calculation.
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the relic density obeys the following Boltzmann equation,
dY
dx
= −〈σeffv〉
Hx
(
1− x
3g∗s
dg∗s
dx
)
s
(
Y 2 − Y 2eq
)
, (14)
where 〈σeffv〉 is thermally averaged effective annihilation cross section defined
below, Y = n/s and x = mγ(1)/T . The number density n is defined by the
sum of the number density of each species i as n ≡ ∑i ni. The abundance
in equilibrium is given by
Yeq =
45
2pi4
(pi
8
)1/2 geff(x)
g∗(x)
x3/2e−x, (15)
where geff(x) is the number of the effective degrees of freedom of KK particles
and defined by
geff(x) =
∑
i
gi(1 + ∆i)
3/2e−x∆i, ∆i = (mi −mγ(1))/mγ(1) . (16)
The number of the internal degrees of freedom for species i are denoted by gi.
The entropy density is given by s = (2pi2/45)g∗s(x)m
3
γ(1)
/x3 and the Hubble
parameter is H = 1.66g∗(x)
1/2m2
γ(1)
/x2mPl, where mPl = 1.22 × 1019 GeV is
the Planck mass. The relativistic degrees of freedom of the thermal bath, g∗
and g∗s, are treated as the function of temperature in our calculation. The
temperature dependence of g∗ and g∗s is required for deriving the correct
abundance. In the MUED model, 〈σeffv〉 is dependent on the temperature
in a non-trivial way even though s-channel resonance processes are not in-
cluded, hence we solve the Boltzmann equation numerically to sufficiently
low temperature. In section 4.2, we discuss this point in detail.
The effective annihilation cross section σeff is given as the sum of σij ,
which denotes the coannihilation cross section between species i and j,
σeff =
∑
i,j
σij
gigj
g2eff
(1 + ∆i)
3/2(1 + ∆j)
3/2 exp[−x(∆i +∆j)]. (17)
All annihilation cross sections, σij , at tree level has been already calculated.
For the explicit expressions, see Refs. [4, 7, 8]. In our work, we include some
loop level diagrams, which is given in section 5. The thermal average for a
resonance process is calculated by the method in Ref. [21].
In this paper, we present the relic density in terms of Ωh2 = mnh2/ρc,
which is the ratio of the dark matter density to the critical density ρc = 1.1×
10−5 h2 GeVcm−3. The small letter h denotes the scaled Hubble parameter,
h = 0.73+0.03
−0.03.
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Figure 2: The region consistent with the WMAP observation is shown in
(1/R,mh) plane. In this calculation, resonance processes are not included. The
dark (light) gray region shows 1σ(2σ) allowed region. In the region 1/R . 800
GeV, the KK graviton may be the LKP.
4.2 Relic abundance at tree level
In Fig. 2, we show the region consistent with the WMAP observation in
(1/R,mh) plane. The dark (light) gray region shows 1σ(2σ) allowed region
by the WMAP observation [22]. There is the charged LKP region in which
the KK charged Higgs is the LKP as shown in the previous section. In the
region 1/R . 800 GeV, the KK graviton may be the LKP as discussed in
section 6. For mh & 200 GeV, the compactification scale as large as 1/R ∼ 1
TeV is allowed. In this region, coannihilation processes including KK Higgs
bosons are efficient, which has been indicated in Ref. [9]. In the following,
we explain this region.
Since the self-coupling of the Higgs is proportional to the square of mh,
the annihilation cross sections of the KK Higgs particles increase with mh.
As a result, σeff is increased for large mh. Moreover, the mass difference
between the LKP and the KK Higgs particle A(1)(H±(1)) is smaller for larger
10
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Figure 3: The averaged cross sections are shown as a function of x. The solid
lines are for mh = 220, 200, 120 GeV from top to bottom. The compactification
scale is taken to be 1/R = 1000 GeV.
mh. Hence, A
(1) and H±(1) are still free from a Boltzmann suppression, even
after other KK particles are decoupled whenmh is large enough. Since geff de-
creases with decoupling of KK leptons, the contribution from the annihilation
of KK Higgs particles to σeff becomes large. Furthermore, the annihilation
cross sections of the KK Higgs particles are much larger than those of KK
leptons. Thus, 〈σeffv〉 quickly grows with decoupling of KK leptons.
These are illustrated in Figs. 3 and 4. In Fig. 3, 〈σeffv〉 is plotted for
mh = 220, 200, 120 GeV from top to bottom. The effective annihilation cross
sections for mh = 200, 220 GeV increases for x = 30− 200 as decouplings of
KK leptons, which continue till x ∼ 200. Here, the attenuation of 〈σeffv〉 for
mh = 220 GeV after x ∼ 200 is due to the decoupling of A(1) and H±(1).
Due to the rapid growth of the effective annihilation cross section, sudden
freeze-out phenomenon does not occur. This is a sharp contrast to the case of
mh = 120 GeV, in which sudden freeze-out occurs at x ∼ 25. These are shown
in Fig. 4. In this figure, the ratio, Y/Y |mh=120GeV are shown as a function
of x for mh = 120, 200, 220 GeV from top to bottom. The enhancement of
〈σeffv〉 significantly reduces the abundance of dark matter compared to the
case of mh = 120 GeV. The late time effect during x = 30− 200, reduces the
11
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Figure 4: The ratio of Y to Y |mh=120GeV are shown as a function of x. The solid
lines are for mh = 120, 200, 220 GeV from top to bottom. The compactification
scale is taken to be 1/R = 1000 GeV.
abundance about 20%(40%) for mh = 200(220) GeV compared to the case
of mh = 120 GeV.
As a result of these effects by the KK Higgs particles, the relic abundance
of the LKP is significantly decreased, and large 1/R is allowed as shown in
Fig. 2. We should trace the evolution of the relic abundance of the LKP
until late enough time for the KK Higgs coannihilation region in the MUED
model.
5 Second KK resonances
The mass of second KK particle is almost twice mass of its first KK particle.
Thus, in the MUED model, resonance processes in which the second KK
particle propagates in the s-channel are important for the calculation of the
relic abundance. These effects are partially investigated in Refs. [5, 6]. In
those works, the second KK particle resonances are studied for the LKP
annihilation and coannihilations relevant to the SU(2) singlet leptons, E(1).
However, it is found that the second KK resonance processes also play an
important role in coannihilation modes relevant to KK SU(2) doublet leptons
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Table 2: The annihilation processes in which second KK particles propagate in
the s-channel. The modes included in our calculation are highlighted with an
underbar. The processes including g(1), quark(1),W (1) and Z(1) are omitted due
to the reason (a). (b): Annihilation is suppressed by small Yukawa coupling; (c):
Second KK particle decays dominantly into KK particles; (d): Second KK particle
mass is below the threshold; (e): Annihilation is suppressed by the small degree
of freedom.
γ(1) E(1) e(1) ν(1) A(1) H±(1) H(1)
γ(1) H(2)
E(1) E(2)(c) γ(2)(d)
e(1) e(2)(c)
H(2)(b)
A(2)(b)
Z(2)
γ(2)(d)
ν(1) ν(2)(c) H±(2)(b) W (2)
Z(2)
γ(2)(d)
A(1) H(2)(e) e(2)(b) E(2)(b) — H(2)
H±(1)
W (2)(e)
H±(2)(d)
ν(2)(b) — E(2)(b) W (2)(e)
Z(2)(e)
γ(2)(d)
H(2)
H(1)
Z(2)(e)
γ(2)(d)
A(2)(d)
e(2)(b) E(2)(b) —
Z(2)(e)
γ(2)(d)
A(2)(d)
W (2)(e)
H±(2)(d)
H(2)(d)
and KK Higgs particles.
In the following, we discuss second KK resonance processes. In particular,
we focus on the following four processes,
γ(1)γ(1) → H(2) → SM particles, (18)
e(1)e¯(1), ν(1)ν¯(1) → Z(2) → SM particles, (19)
e(1)ν¯(1) → W−(2) → SM particles, (20)
A(1)A(1), H+(1)H−(1) → H(2) → SM particles. (21)
Other second KK processes are not important by the following reasons;
(a) first KK particle in initial state is heavy, namely processes including
g(1), quark(1),W (1), Z(1), are Boltzmann suppressed; (b) small Yukawa cou-
pling suppresses processes of f (1) + Higgs(1) → f ′(2) → SM particles (f is
a fermion); (c) second KK particle in the s-channel decays dominantly into
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not SM particles but KK particles, f (1) + γ(1) → f (2) → f (1) + γ(1); (d) the
mass of second KK particle is less than the sum of masses of initial first
KK particles; (e) The annihilation processes including the first KK Higgs are
suppressed by small degree of freedom. In the case (e), there are exceptions,
A(1)A(1), H+(1)H−(1) → H(2) → SM particles processes, which is discussed
later. In Table 2, we summarize the s-channel processes of the second KK
particles.
The reasons (a)4, (b), (c) and (d) are obvious. We should address the
reason (e). At freeze-out, the effective degrees of freedom is about 30, geff ∼
30, while gH(1) , gA(1), gH±(1) = 1 and gγ(1) = 3. Therefore the contribution
to σeff from the annihilation between these particles are suppressed by the
factor of O(10−3).
However, the reason (e) cannot be applied to the process Eq. (21). Be-
cause the KK Higgs bosons A(1) and H±(1) are highly degenerated with the
LKP when mh & 200 GeV. After the decoupling of KK leptons, the KK
Higgs particles contribution to geff is significant, thus they occupy a half of
geff in the simplest case. As a result, the enhancement of the KK Higgs
annihilation by the second KK resonances reduces the abundance of dark
matter. Therefore, the second KK resonance for the annihilation of A(1)A(1)
and H+(1)H−(1) should be included. Here, other resonance processes rele-
vant to γ(1), A(1) and H±(1), e.g. W (2) resonance for A(1)H±(1) and γ(1)H±(1)
annihilations, are negligible, since the collisional energy of annihilating par-
ticles is not sufficient to produce second KK particle after decoupling of KK
leptons.
5.1 γ(1)γ(1) → H(2) → SM particles
First, we discuss the s-channel H(2) resonance in the LKP annihilation. Sec-
ond KK particles cannot decay into the SM particles at tree level, hence,
second KK particle resonance processes are inevitable at loop level. The
interaction induced from radiative correction is derived by performing loop
integrals. After taking leading parts the following effective interaction turns
4One might suspect that even if W (1), Z(1) are Boltzmann suppressed, some resonance
processes relevant to these particles enhance σeff . We confirmed numerically these pro-
cesses are negligibly small.
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out to be5
Leff = ytαs
3pi
ln
(
Λ2R2
)
H(2)t¯t . (22)
The decay width of the second KK Higgs particle, which is important for
calculating the annihilation cross section with the resonance, is induced by
this interaction. In previous works, we assumed the decay width is given by
ΓH(2) = Γ
H(2)
tt¯ =
y2tα
2
smH(2)
24pi3
[
ln(Λ2R2)
]2
. (23)
However, this is not true for mh > 2mW , since H
(2) can decay into two KK
Higgs particles. The decay widths for the processesH(2) → H+(1)H−(1), A(1)A(1)
are given by
ΓH
(2)
HH =
λ2hm
2
W
8pig2m2
H(2)
√
m2h − 4m2W , (24)
ΓH
(2)
AA =
λ2hm
2
W
16pig2m2
H(2)
√
m2h − 4m2Z . (25)
where v2 = 4m2W/g
2 is used to avoid a confusion between velocity and the
vev. We also used Eqs. (6), (7) and (8). These decay modes are comparable to
that of tt¯ final state for mh > 2mW even if their phase spaces are suppressed.
Thus, the total decay width is
ΓH(2) = Γ
H(2)
tt¯ + Γ
H(2)
HH + Γ
H(2)
AA . (26)
From the above effective interaction in Eq. (22) and the width in Eq. (26),
we calculate the annihilation cross section including the effect of the H(2)
resonance [5]:
σ
(Res)
γ(1)γ(1)
=
g′4m2W
18g2βmH(2)
ΓH
(2)
tt¯
(s−m2
H(2)
)2 +m2
H(2)
Γ2
H(2)
[
3 +
s(s− 4m2
γ(1)
)
4m4
γ(1)
]
, (27)
where β2 ≡ [s2 − 2(m21 +m22)s+ (m21 −m22)2] /s2 for annihilation of parti-
cles 1 and 2. Notice that the interferential contributions between tree-level
diagrams and one-loop diagrams are negligible because of the chirality sup-
pression of the top quark mass.
5We correct the coefficient of this interaction in our previous papers [5, 6]
15
5.2 e(1)e¯(1), ν(1)ν¯(1)(e(1)ν¯(1))→ Z(2)(W−(2))→ SM particles
The KK SU(2) doublet leptons dominate over geff , therefore, the resonances
in the annihilation processes between these particles are important for the
abundance.
The KK SU(2) gauge boson can decay into KK particles at tree level and
SM particles at loop level as the decay of H(2). The leading contribution
to the decay into the SM particles is dominated by the process W (2) → qq¯
mediated by the KK gluon. Then the effective interaction is
Leff = 3
√
2gαs
4pi
ln
(
Λ2R2
)
Q¯W (2)/ PLQ. (28)
Through this interaction, the decay width of the KK SU(2) gauge boson into
SM particles is given by
ΓW
(2)
Q¯Q =
27α2α
2
smW (2)
32pi2
[
ln(Λ2R2)
]2
, (29)
where the decay widths forW (2) and Z(2) are the same since the weak mixing
angle for the KK particle is negligibly small. Then, the total decay width of
the KK SU(2) gauge boson is
ΓW,Z(2) = Γ
W (2)
Q¯Q + Γ
W,Z(2)
HH,HA
+
α2mW (2)
4
(
1− 4m
2
l(1)
m2
W (2)
)3/2
+
α2mW (2)
2
(
1− m
2
l(2)
m2
W (2)
)2(
1 +
m2
l(2)
2m2
W (2)
)
, (30)
where the third (fourth) term comes from the processW (2) → l¯(1)l(1) (W (2) →
l¯(2)l(0)) and the second term is decay processes into the KK Higgs pair, which
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is given by
ΓW
(2)
HH,HA =
α2mW (2)
48
(
1− 2m
2
H±(1)
+m2
H(1)
m2
W (2)
)3/2
+
α2mW (2)
48
(
1− 2m
2
H±(1)
+m2
A(1)
m2
W (2)
)3/2
, (31)
ΓZ
(2)
HH,HA =
α2mW (2)
48
(
1− 4m
2
H±(1)
m2
W (2)
)3/2
+
α2mW (2)
48
(
1− 2m
2
H(1)
+m2
A(1)
m2
W (2)
)3/2
, (32)
where we dropped the square of the small mass difference mH(1) − mH±(1)
(mH(1)−mA(1)). The difference between Eqs. (31) and (32) arises from SU(2)
breaking effect.
The resonant annihilation cross section is calculated from these decay
widths as,
σ
(Res)
l(1) l¯(1)
=
piα2sβ
3mW (2)
ΓW
(2)
QQ¯
(s−m2
W (2)
)2 +m2
W (2)
Γ2
W,Z(2)
, (33)
where ΓW (2)(ΓZ(2)) for e
(1)ν¯(1)(e(1)e¯(1), ν(1)ν¯(1)). Here, since the interferential
contribution between tree and loop diagrams is subleading, we neglect it.
5.3 A(1)A(1), H+(1)H−(1) → H(2) → SM particles
For mh & 200 GeV, these processes are important as discussed in the begin-
ning of this section. The cross sections for the KK charged Higgs pair and
for the pseudo KK Higgs pair are given by the same form as
σ
(Res)
H+(1)H−(1)
= σ
(Res)
A(1)A(1)
=
2λ2hm
2
W
g2mH(2)β
ΓH
(2)
tt¯
(s−m2
H(2)
)2 +m2
H(2)
Γ2
H(2)
. (34)
Here, the interferential term between tree and loop diagrams is small due to
the chirality suppression of the top quark.
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Figure 5: The region consistent with the WMAP result is shown in (1/R,mh)
plane after including the second KK resonances. The dark (light) gray region
shows 1σ(2σ) allowed region. In the region 1/R . 800 GeV, the KK graviton may
be the LKP.
5.4 Results
We show the parameter region of the MUED model consistent with the
WMAP observation in Fig. 5. The dark (light) gray region shows 1σ(2σ)
allowed region by the observation. The upper right region is the charged
LKP region, which is excluded. In the region of 1/R . 800 GeV, the KK
graviton may be the LKP, which is discussed in the next section. By com-
paring Fig. 5 with Fig. 2, it is found that the second KK resonances signifi-
cantly reduce the LKP abundance and the allowed region of 1/R is increased
by about 150 − 300 GeV. In extreme case, 1/R ∼ 1400 GeV is allowed for
mh ∼ 230 GeV. We also calculated the relic abundance in the case ΛR = 50
and confirmed this result is not changed significantly.
The shift of the region for mh . 200 GeV originates in the W
(2), Z(2)
resonance. This is because the KK SU(2) doublet leptons are dominant com-
ponents of relic KK particles at freeze-out and govern σeff . The resonances
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Figure 6: The abundance of the LKP as a function of 1/R with only theW (2), Z(2)
resonance and without resonance. The SM Higgs mass is taken to be mh = 120
GeV. The horizontal dotted lines are the allowed region from the WMAP obser-
vation at the 2σ level, 0.079 < Ωh2 < 0.119.
for the KK SU(2) doublet leptons contribute strongly to the evolution of
the relic abundance of dark matter. In Fig. 6, the effect of the W (2), Z(2)
resonance is illustrated for mh = 120 GeV. The abundances as a function
of 1/R are shown as solid lines for the case with the W (2), Z(2) resonances
and that without resonances (tree level result). The Higgs mass is taken to
be mh = 120 GeV. Two horizontal lines denote the allowed region from the
WMAP observation at the 2σ level, 0.079 < Ωh2 < 0.119. The almost all
of the shift between Figs. 2 and 5 is due to the shift between solid lines in
Fig. 6.
The shift of the region for mh & 200 GeV is due to the H
(2) resonance
in addition to W (2), Z(2) resonances. Since the KK Higgs bosons play an
important role even at tree level, the effect of resonances in this coannihilation
mode is expected to be important. In Fig. 7, the effect of the W (2), Z(2)
resonances and that of the H(2) resonance are illustrated. The abundances
as a function of 1/R are shown as solid lines for the case without resonances
(tree level result), with the W (2), Z(2) resonances, and with the W (2), Z(2)
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Figure 7: The abundance of the LKP as a function of 1/R without resonances,
with only the W (2), Z(2) resonances and with the W (2), Z(2),H(2) resonances. The
SM Higgs mass is taken to be mh = 220 GeV. The horizontal dotted lines are the
allowed region from the WMAP observation at the 2σ level, 0.079 < Ωh2 < 0.119.
and H(2) resonances. The Higgs mass is taken to be mh = 220 GeV. Two
horizontal lines denote the allowed region from the WMAP observation at
the 2σ level, 0.079 < Ωh2 < 0.119. About a half of the shift is explained by
the W (2), Z(2) resonances, and the rest is due to the H(2) resonance.
6 KK graviton
We should comment on the KK particle of the graviton. Since a radiative
correction to the mass of the KK graviton is extremely small due to the gravi-
tational interaction, the mass is given by 1/R with high accuracy. Therefore,
if the mass of the KK photon is larger than 1/R, the LKP is the KK gravi-
ton. Whether the KK photon mass is larger than the KK graviton mass or
not depends on 1/R as seen in Eq. (1). Since δm2
W (1)
≫ g′gv2/4, the mass
squared difference between the KK photon and graviton is almost determined
by (1,1) component of the mass squared matrix, δm2
B(1)
+g′2v2/4. As a result,
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the LKP can be the KK graviton for 1/R < 809 GeV. It is noted that in the
charged LKP region the KK charged Higgs mass is smaller than 1/R and the
LKP is the KK charged Higgs.
The KK graviton LKP leads us to a serious problem. The lifetime of the
Next LKP (NLKP) is very long due to the gravitational interaction and the
small mass difference less than 1 GeV. The decay of the NLKP produced in
the early universe affects the observation of the cosmic microwave background
or diffuse photon spectrum [23]. On the other hand, in the region the KK
graviton is not the LKP, the problem discussed above is replaced with the
problem caused by the late time decay of the KK graviton to the LKP. This
is not serious, since the KK graviton is not abundantly produced by thermal
process if the reheating temperature of the universe is low enough [24]. As
a result, there is the serious problem for the region of 1/R < 809 GeV in
Fig. 5.
However, there are some setups in which the KK graviton problem is
avoided [25, 26]. The first setup is based on higher dimensional model than
that used in the MUED model, and KK particles except the KK graviton are
assumed to be localized in the five dimensional space-time. In this model,
the KK graviton can be heavy without changing other particle spectrum.
Hence, the LKP can be identified with the KK photon even if 1/R is less
than 800 GeV. Another setup is the MUED model with the right-handed
neutrino, which is introduced for the neutrino masses [26]. In UED models,
the neutrino mass is given as the Dirac mass, hence the Yukawa couplings
of the right-handed neutrino are extremely small. In the region that the KK
graviton is the LKP, the NLKP is the KK right-handed neutrino. Hence,
the KK photon decays dominantly into the KK right-handed neutrino and
the ordinary neutrino, and photons are not emitted in their decays. Hence,
the cosmic microwave background and the diffuse photon spectrum are not
distorted.
7 Summary
We have investigated the relic abundance of the LKP dark matter in the
MUED model including the resonance processes by the second KK particles
in all coannihilation processes. Including the second KK resonance processes
reduces the relic abundance, and the allowed region for 1/R consistent with
the WMAP observation shifts by about 150 − 300 GeV upward. In partic-
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ular, the W (2), Z(2) resonance processes in the SU(2) lepton annihilation are
responsible for this shift in the region, mh . 200 GeV. On the other hand,
for mh & 200 GeV, both the W
(2), Z(2) and H(2) resonances contribute com-
parably. As a result, the compactification scale consistent with the observed
abundance is 600 GeV . 1/R . 1400 GeV for ΛR = 20 in the MUED model.
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